A six-level quasi-geostrophic model including radiative and photochemical processes in the manner suggested by Lindaen and Goody is run from a state of joint radiative-photochemical equilibrium for midwinter conditions. The spectral method is used to integrate the equations where all dependent variables are represented by a set of spherical harmonics with east-west wave numbers 0, 1, 2, 3, and 6 included. The winter storage of ozone in the polar lower stratosphere is simulated, and the importance of horlzontal planetary scale transports and the vertical eddy diffusion of ozone is demonstrated. The rapid dissipation of upper stratospheric temperature disturbances by joint radiative-photochemical relaxation is discussed, and the importance of tropospheric forcing and nonlinear exchanges of kinetic energy between the planetary scale waves is demonstrated. The energetics of downward-propagating spontaneous warmings is discussed. A full-scale warming is triggered by strengthening the north-south lower tropospheric temperature gradient. Its main energy source is found to be a greatly increased forcing of the stratosphere from below.
INTRODUCTION
Recent interest in the stratospheric circulation has mainly concentrated on two problems-the ozone cycle and the stratospheric warming. The poor space and time resolution of balloon observations of stratospheric ozone has severely limited the scope of synoptic studies of the ozone budget. By analyzing surface observations of total ozone, Newel1 (1963) was able to infer indirectly the importance of northward transports of ozone from its equatorial source. I n contrast, numerous observational studies of the stratospheric warming exist, for example Scherhag (1952) , Finger and Teweles (1964) , Hirota (1967b) , as well as investigations of the energetics of the warming, for example Reed et al. (1963) and Muench (1965) .
Attempts to model the stratosphere have been few. Peng (1965) investigated the force summertime circulation by means of a quasi-geostrophic spectral model. Byron-Scott (1967) used a three-level model based on a time-independent form of the vorticity equation following the scale analysis of Burger (1958) . Byron-Scott found that the polar store of ozone could be maintained by horizontal northward planetary scale advection. He also demonstrated that high-latitude stratospheric warmings could be intensified by increased forcing from below. His results verified the earlier contention of Craig and Lateef (1962) that the rapid temperature rises associated with warmings were dynamical and not radiative in origin. The most extensive stratospheric model was that of Manabe and Hunt (1968) , Hunt and Manabe (1968) , and Hunt (1969) who used an 18-level version of the general circulation model of Smagorinsky et al. (1965) . The thermal structure of the winter stratosphere was well Currently postdoctoral fellow at the National Center for Atmospheric Research, Boulder. Colo.. sponsored by the National Science Foundation. simulated, and the midlatitude lower stratospheric temperature maximum was associated with the subsiding portion of the two-cell meridional circulation. They also found that the circulation of bhe upper stratosphere was maintained, in part, by an upward flux of energy from below.
Because of its intense absorption of solar ultraviolet radiation, ozone has far-reaching consequences on both the thermal and dynamical properties of the stratosphere.
It follows that a complete understanding of the general circulation of the stratosphere can only go hand in hand with a thorough comprehension of the photochemical formation and advection of ozone by stratospheric motions.
Until recently, the photochemical theory of ozone of Chapman (1930) , based on a scheme of reactions involving allotropes of oxygen only, was widely accepted, since the resulting equatorial vertical distribution and total amount in photochemical equilibrium agreed well with observations (Craig 1950) . Recently, however, Hunt (1966) questioned the Chapman theory since it yielded unreasonably high total amounts based on new laboratory measurements of certain pertinent reaction coefficients by Benson and Axworthy (1957) . Hunt demonstrated that reactions involving water vapor and some of its derivatives must now be included in the scheme to achieve satisfactory results.
A more exacting test of a photochemical theory for ozone is to run a general circulation model that jointly allows for its photochemical production and advection by atmospheric motions. It is significant that the results of Hunt (1969) were not entirely satisfactory, particularly with respect to the polar store of winter ozone, in which both the photochemistry of a moist atmosphere and a dry atmosphere were used in conjunction with BensonAxworthy rate coefficients. The results of Byron-Scott
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Vol. 98, No. 6 (1967), based on reaction coefficients closer to the old ones used by Craig (1950), were somewhat better especially with respect to the polar amount of ozone; although the fairly arbitrary tropospheric forcing of the stratosphere used could have strongly affected the outcome.
As Dutsch (1961) pointed out, recent laboratory measurements of the same reaction coefficients at one temperature can differ by as much as a factor of 20 with the original values used by Craig (1950) lying in this range. Thus until more definitive laboratory measurements are available, it will be difficult to settle on one photochemical theory for ozone. I n this experiment, the Chapman photochemical theory along with the original values of reaction coefficients employed by Craig (1950) and other early workers will be used.
As first suggested by Starr (1960) and later verified by Oort (1964), the main source of kinetic energy for the lower stratosphere is not internal energy conversions but forcing of the region by the troposphere. As Oort found, the direction of the eddy-available to eddy-kinetic energy conversion is reversed from what is observed in the troposphere, in the sense that cold air is rising and warm air sinking to create eddy-available energy. Reed et al. (1963) and Muench (1965) found, however, that the stratosphere can internally create kinetic energy during a stratospheric warming. Many investigators have thus attempted to explain the warming as a manifestation of some type of local hydrodynamic instability. The results have been inconclusive since no sutEcient condition €or instability has been found that is clearly satisfied by observations. Murray (1960) found the stratosphere to be nearly always baroclinically and baro tropically stable. * Hirota (1967a) found that the polar vortex could become barotropically unstable once it is elongated through externd, probably tropospheric, influences. Charney and Stern (1962) investigated the stability of the winter stratosphere to quasi-geostrophic disturbances in the presence of both lateral and vertical wind shears. They derived a necessary condition for instability that was satisfied by the polar vortex near 60 km. As the lower boundary condition was altered to allow a north-south temperature gradient, they found the condition for instability was relaxed, facilitating the development of unstable disturbances .
The integration of this model will be initiated from a state of joint radiative-photochemical equilibrium, and the spectral method will be used. The object is threefold. The wintertime ozone budget will be investigated in terms of the joint action of photochemistry and three-dimensional advections by stratospheric motions. A thorough examination of the mean energy cycles of the lower and upper stratospheres will be undertaken with particular emphasis on nonlinear interactions between the wave components to be represented. The mechanics of both spontaneous high-latitude warmings and a full-scale warming precipitated by artificially strengthening the latitudinal lower tropospheric temperature gradient will be investigated.2 2 The author is indebted to Richard 9. Llndzen (1969) for suggesting this approach to the full-scale warming.
THE MODEL
The quasi-geostrophic formulation of the equations of motion will be used in this study. By performing a scale analysis of the full vorticity equation considering the latitudinal as well as longitudinal scale of the dominant planetary scale disturbances, Deland (1965) and Dickinson (1968) demonstrated the validity of this approach. I n addition, Craig (1967) found by calculating individual terms of the full vorticity equation from actual data that the local tendency, horizontal advection, and divergence terms were dominant in the stratosphere.
The simplified approach to radiative and photochemical processes suggested by Lindzen and Goody (1965) will be used. They use a Newtonian approximation to infrared cooling that equates the cooling to a linear function of local temperature. Solar absorption by ozone alone is included, and the Chapman photochemical theory is used.
The By the use of geostrophic winds in the horizontal advection terms and constant lapse rates at each pressure, the only advective effects that will alter the zonally averaged temperature or ozone amount will be horizontal eddy advection and vertical advection by the mean meridional circulation.
The coupling of radiative and photochemical effects in this model is achieved through the dependence on ozone amount of solar heating and the important temperature dependence of the ratio kl3/kI2 given by respectively, and point in question and the sun.
where the constants E and D are determined from laboratory measurements.
The initial equilibrium state is found by setting the net radiative heating and photochemical production of ozone in equations (3) and (4), respectively, to zero and solving for T~ and Be, where the subscript e stands for an equilibrium value. The equilibrium stream function, +e, can then be found from equation (2). Letting + = $e + #', etc., and rewriting equations (I), (3), and (4) in terms of the departures from equilibrium but dropping the primes, we get and where q= (po/p)rq'.
I n the ozone equation (9), only the first-order linear terms in the Taylor expansion of the full photochemical source terms about the equilibrium state have been kept.
The expressions for B and C are derived in Lindzen and Goody (1965) .
Since motions with time scales much longer than the diurnal period will only be considered, the factors q, B, and Cwill be considered functions of height and latitude only. They will be multiplied by one-half to account for the alternation between day and night. A constant solar declination of 20° S. was assumed; and q, B, and C were calculated once and for all from the initial equilibrium state.
The spectral method will be used to integrate the equa- Since disturbances whose scales are comparable to the earth's radius are to be considered, a spherical geometry will be used. All dependent variables will be expanded in terms of complex spherical harmonics defined as YX+,N =E34 efmh, For complex harmonics, m can be negative, and lrnl is the east-west wave number. The difference n -JmJ is a measure of the north-south wave number.
The planetary scale waves of east-west wave numbers 1, 2, and 3 will be represented. Since the stratosphere is to such a large extent driven by the troposphere (Oort 1964) , it is imperative that this effect be modeled as precisely as possible. Rather than specify conditions a t the tropopause from actual data, this experiment will include the troposphere as well as the stratosphere. As Saltzman and Teweles (1964) have shown, the baroclinically active tropospheric waves transfer significant amounts of energy up the scale to the longer waves through nonlinear interactions. Accordingly, wave number 6 will be added to the spectrum. Teweles (1963) demonstrated using real data that the latitudinal variation of amplitude of the various Fourier components of northern hemispheric 
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where the bar denotes complex conjugate.
There is little point in following through the tedious but straightforward derivation of the spectral equations.
A fairly extensive literature exists on the spectral method, and the reader is referred to Peng (1965), whose approach was quite similar to the present, or to a complete development of this model in Clark (1969) . The basic theory on the use of spherical harmonics appears in Silberman (1954) . Figure 1 shows the arrangement of layers and the levels a t which each variable is defined. The stratosphere is represented by four layers, the troposphere by two. For the upper boundary condition a t p=O, the vertical velocity w was set equal to zero. Topographic and Ekman layer effects were allowed for a t the lower boundary.
Muench (1965) presented evidence of long waves originating near the ground and propagating considerable distances into the stratosphere. Topographic effects are believed to be important in exciting such features (Saltzman 1965 At 500 and 200 mb, the total radiative heating was equated to -hj(O,-Oej), where ee, is an equilibrium temperature based on the precise computations of Manabe and Moller (1961) . The values of hj were taken from Peng (1965) . The ozone equation (4) was only considered a t levels 5(2)11.3 A major sink of ozone is near the ground where it is destroyed by chemical processes. I n an attempt to incorporate this depletion into the model, the mixing ratio a t 500 mb was set a t a very low constant value for its p w t in the vertical eddy-diffusive term a t 200 mb.
RADIATIVE-PHOTOCHEMICAL EQUILIBRIUM
The initial equilibrium solution was accomplished by dividing the region from 10 to 80 km into 23 layers of thickness varying from 10 km a t 75 km to 2 km below 45 km. Both the equilibrium ozone amount and temperature re and T,, respectively, were first found a t 75 km, above which it is assumed there is no ozone. The NewtonRaphsen iterative technique (Henrici 1964 ) was used to find re and T, a t the midpoint of each layer. For the purpose of integrating over frequency to find p2, q3, and q , the spectral interval from 1800 1 to 7100i was divided into 53 subintervals. The data on incident solar flux, ozone, and oxygen cross sections were basically the same as used by Craig (1950) , except that for wavelengths X12425i the data of Brewer and Wilson (1965) were used. After a preliminary run of the experiment, all ozone absorption coefficients were increased by 40 percent, effectively reducing the equatorial equilibrium total ozone from 0.34 to 0.30 cm S.T.P. A more reasonable latitudinal distribution of total ozone in low latitudes was achieved by the model with these data. All the spectral data including the old and new ozone cross sections, a3 and 4, respectively, are listed in the appendix. The values of the photochemical constants used were E = 3 X loz4 molecules ern+ and D=3O7O0K from Craig (1950) . The radiative constants were ~= 1 . 2 3 X 1 0 -~ sec-I and b=2.583X1OW4 OK sec-'. This value of a is close to the result of Hering et al. (1967) and was assumed independent of height. The vertical profiles of T, and re were found at every 5' of latitude from the Equator to the Pole with account being taken of the sphericity of the atmosphere. Diffractive and multiple scattering effects were ignored. Meridional cross sections of the equilibrium results appear in figures 2 and 3. The equilibrium stream function, $e, was found a t the levelsj=4(2)12 by solving the spectral form of the thermal wind equation (2) after e, had been expressed in terms of P:, Pi, and P: a t j=5(2)11. The stream function at 750 mb,j=2, was found by solving the linear balance equation
where Z, height, was taken from the U S . Standard
Atmosphere Supplements (Environmental Science Services Administration et al. 1966) for midwinter conditions. A cross section of the east-west wind for equilibrium conditions appears in figure 4. There is some indication of a weak tropospheric jet near 100 mb and a stratospheric maximum of over 100 m sec-l a t 40' latitude associated with the sharp decrease of equilibrium temperature at midlatitudes due to the rapid depletion of the solar radiation by ozone. The field of vertical motion in the radiative-photochemical equilibrium state was found by solving the wequation. It can be thought of as that field necessary to maintain the balance implied by the thermal wind equation as the model is initially integrated from equilibrium. The w-equation is linear in w, and thus in its spectral form reduces to five equations, one for each of the east-west wave numbers considered. I n symbolic form, they can be written for any number m as
The w, is a column matrix containing all 15 if m=O or 10 if m#O unknown complex spectral amplitudes of w at levelsj=3(2)11. A, is a 15x15 ifm=O or 10x10 if m#O matrix calculated once and for all. B, is a column matrix whose complex elements are functions of radiative heating and the horizontal advection of vorticity and potential temperature. I n the initial equilibrium state, only equation (19) with m=O has to be solved since there is no longitu- dinal dependence. The meridional circulation mainly consisted of a single direct cell.
RESULTS

OZONE
Integration of the spectral equations from the initial equilibrium state was accomplished using a fourth-order Runge-Eutta scheme. A favorable aspect of this method is that it yielded very accurate energy integrals over periods of many days, facilitating the construction of energy flow diagrams for the upper and lower stratospheres. The time step was 48 min, and no computational instability difficulties were encountered.
In the manner of Peng (1965), the dynamic eddyviscosity coefficient, p, was set inversely proportional to (aO/dp), a t each level where p a t 750 mb was 225 gm cm-' sec-l from Charney (1959). Table 1 lists the values of p, (aTJap) s, and (ar/dp) used a t appropriate levels where (&/dp), was taken from Hering and Borden (1964) . The ozone eddy-diffusion coefficient was taken as K,=2 X lo4 cm2 sec-' from Prabhakara (1963).
The integration of the model was initiated by introducing a geostrophically balanced perturbation in wave numbers 3 and 6. Heating due to the reflected solar radiation from the cloud tops quickly produced energy in wave number 2 which interacted with the initial perturbation to spread energy throughout the spectrum. For the next 60 days, the zonal and eddy forms of energy underwent substantial adjustments and finally began to oscillate irregularly about quasi-equilibrium values. The initial phase of the experiment then consisted of an additional 120-day run. Table 2 presents spectral distributions of kinetic and available potential energies a t the end of day 150, where A or Krepresents available or kinetic energy, respectively, and the following subscript denotes either the east-west wave number or the fact that it is zonal energy. The result for this day typities the last 60 days of the initial phase of the experiment. The available potential energy of any region does not include the contribution from the layer(s) straddling the boundary of that region. The bulk of the tropospheric eddy kinetic energy is in wave number 6, as expected. However, moving up through the stratosphere, the energy shifts toward the longer planetary scale waves. Thus, wave number 6 makes an insignificant contribution to the upper stratospheric total energy. The spectral allotment of available potential energy is similar to that of kinetic energy, except that wave number 1 dominates the troposphere.
The zonally averaged vertical velocities averaged from day 130 to 160 during the quasi-equilibrium period appear in table 3. The stratospheric circulation consists mainly of two cells with generally rising motion from 0" to 20" latitude and from 60' to 90". The midlatitude subsiding branch is not well defined especially in the lower stratosphere. The tropospheric circulation is mainly a single direct cell. Although on individual days the three-cell circulation that is normally deduced from observations (Kuo 1956 ) did often occur, the model was not able to maintain this circulation over a long period. Table 4 gives the distribution of temperature and ozone number mixing ratio on day 180. This result typifies the quasi-equilibrium period. A strong north-south temperature gradient exists at 25 and 5 mb, while the lower stratospheric gradient is weak. The observed midlatitude temperature maximum is not reproduced, probably because of the weakness of the subsiding branch of the meridional circulation in this region.
A cross section of the zonally averaged east-west velocity on day 180 appears in figure 5. On comparison with the equilibrium result in figure 4, it can be seen that there was a northward shift in the stratospheric jet position of from 5" to 10" latitude and a weakening of the maximum wind from 100 to 80 m sec-'. The final jet position, which changed very little during the period from day 120 to 180, compares favorably with the midwinter observations of Batten (1961). The maximum speed at 2.5 mb is considerably higher than his, however. The jet of Manabe and Hunt (1968) was much weaker than the present one and situated about 15' farther north. A well-defined tropospheric jet has appeared as well as a weak easterly regime in the polar lower stratosphere. These easterlies are transitory and strongly associated with downward-propagating minor stratospheric warmings to be discussed later.
After about day 60, the eddies began to transport ozone from its equatorial source region toward the Pole where the total amount soon achieved typical midwinter values of from 0.40 to 0.45 cm S.T.P. From about day 130 onward, the ozone distribution settled down to a state of quasi-equilibrium. A meridional cross-section of the departure of zonally averaged mixing ratio on day 180 from its initial equilibrium value appears in figure 6. North of 70" latitude, northward transports by the circulation have made up for almost the entire amount of ozone since the equilibrium amount here was almost nil. Ozone is a conservative quantity here as well as throughout most of the lower stratosphere. The largest accumulation at the Pole took place at 100 and 5 mb. In the equatorial region, photochemistry continually attempted to replenish the ozone exported to higher latitudes in proportion to the departure of the mixing ratio from equilibrium; see equation (9). A final balance was struck a t amounts only slightly less than in equilibrium; see figure 6.
The latitudinal distribution of total ozone averaged for the last 10 days of the initial experiment is compared in figure 7 with the observations of Godson (1960) and the initial equilibrium solution. The experiment, considering that the initial equilibrium solution is so unlike the observed distribution, has fairly successfully simulated the wintertime total ozone distribution, especially at high latitudes. The spurious secondary maximum at the Equator could either be a fault of the photochemical theory (possibly the theory of Hunt 1966 should be used here) or an outcome of the constraint of symmetry across the Equator. With antisymmetric components present, the eddies possibly would have more freedom to transport equatorial ozone northward. I n view of the poor resolution of the model, the vertical distribution of low-latitude ozone agreed well with the mean soundings of Hering and Borden (1964) ; see figure 8. The high-latitude distribution had a persistent secondary maximum near 15 km, with an overall maximum near 34 km. Individual wintertime high-latitude soundings often show similar secondary maximums, but the overall maximum is usually below 30 km (Hering and Borden 1964) . Note the opposite sense of the latitudinal gradient of ozone a t 25 and 5 mb in table 4.
A decomposition of the zonally averaged rate of change of ozone averaged from day 130 t o 160 a t 25 and 200 mb appears in figure 9 . These results typify tlhe period when the ozone distribution had settled to a quasi-equilibrium state. At 25 mb, photochemistry is acting as a strong view of the long-term accumu~ation at midlatitudes, how does the stratosphere transport ozone from its equatorial source region, near 25 mb, to the polar lower stratosphere to maintain the polar maximum in total sification of the eddies and an almost complete reversal ozone during the quasi-equilibrium period? This process of their horizontal advectional pattern. Figure 10 detakes place in two steps. First, the accumulation of ozone composes the 25-mb rate of change of ozone at the peak a t midlatitudes in figure 9 does not persist indefinitely. of one such warming. This intense warming took place Occasional spontaneous high-latitude warmings occur on day 125. Similar less-intense ones occurred during the every 10 to 20 days. These are associated with an inten-averaging period. Now the eddies are very rapidly deaveraged from day 170 to 180 with equilibrium distribution and observed midwinter distribution from Godson (1960) . pleting the midlatitude store of ozone and accumulating it at the Pole. The second step in the transport of ozone to the polar lower stratosphere is shown in the 200-mb budget averaged from day 130 to 160 in figure 9 . The large amounts of ozone deposited during the warmings at the Pole at 25 mb are being gradually diffused downward into the polar lower stratosphere, where advective effects of the eddies and two-cell meridional circulation are small and photochemical effects are inoperative.
Thus in this experiment, the transport of ozone from its equatorial source region to the polar lower stratosphere during the quasi-equilibrium period is achieved by the horizontal planetary scale eddies and by small-scale vertical eddy-diffusive effects, much in the manner envisaged by Newel1 (1963) . Vertical transports by the twocell meridional circulation with rising motion near the Pole and Equator and sinking at midlatitudes were of secondary importance in the ozone budget. Occasional high-latitude warmings to be discussed in detail later played a vital role in the-ozone budget.
M E A N ENERGY CYCLES
Energy cycles for the upper and lower stratosphere appear in figures 12 and 13 averaged from day 130 to 160. Each diagram conforms to the model of figure 11 , where the meaning of most of the symbols is explained below and energy transfers are considered positive in the direction of the arrow. The various symbols are:
A , or A, zonal available potential or eddy available potential energy in wave number n, respectively, K L or K, zonal kinetic or eddy kinetic energy in wave number n, respectively, R radiative generation, F generation through nonlinear interactions, A complete derivation and discussion of the energy equations in the spectral domain is found in Clark (1969) . Wave number 6 has been omitted from the upper stratosphere energy cycle in figure 12 because of its insignificant role. Even though these are long-term mean cycles, the net rate of change of any energy component (not shown) is not necessarily very small. Shown in each box is the mean value of that energy component for the period. Lindzen and Goody (1965) showed that, the coupling of radiative and photochemical effects should lead to an enhanced Newtonian dissipation of upper stratospheric temperature disturbances. This can be visualized in the following manner: relatively warm (cold) regions a t any pressure level will tend to have low (high) ozone concentrations through the temperature dependence of photochemistry in equation (9), and thus these regions mill cool (warm) relative to the surroundings because of the solar heating term in equation (8). Because of the smaller insolation a t lower levels or higher latitudes, this coupling will hardly be as effective as in the equatorial upper stratosphere, and temperature anomalies will be mainly controlled by atmospheric motions. The strong radiative dissipation of eddy available energy in figure 12 is in part due to this coupling of radiative and photochemical effects. I n wave numbers 1 and 2, this dissipation is opposing any tendency to create eddy kinetic energy baroclinically through direct east-west overturnings. I n fact, indirect overturnings are being induced in these waves that are countering the diabatic eddy available energy sink. Only wave number 3 is transform.ing zonalavailable to eddy kinetic energy in the baroclinic sense in the upper stratosphere. However, the effect of wave numbers 1 and 2 dominates. Thus, in the mean, the winter upper stratosphere is an energy sink and has to be maintained by interactions with the lower stratosphere. The upper stratospheric zonal kinetic energy is being maintained against eddy-viscous dissipation of 12.7 ergs cm-' sec-' mainly by an upward flux of zonal kinetic energy across 25 mb and to a lesser extent by the forced barotropic conversion of eddy to zonal kinetic energy in figure 11 for the model. Units, transformations -ergs cm-a sec-I, energies -ergs 0111-2. Numbers z+n mean z times 10".
P H O T O C H E M I S T R Y~
wave numbers 1 and 2. Thus the polar vortex, in the m.ean, is barotropically stable. Note that in a quasigeostrophic model the pressure-interaction term which can transfer significant amounts of energy between regions (Manabe and Hunt 1968 ) is neglected. Wave number 3 in the upper stratosphere participates in an entirely different energy cycle than numbers 1 and 2. It is baroclinically and barotropically creating eddy kinetic energy and serves as a significant source of kinetic energy for waves 1 and 2 through nonlinear interactions.
It also exports energy to the lower stratosphere.
The most notable feature of the mean lower stratospheric energy cycle in figure 13 is the strong forcing of the region from below needed to counter both the eddyviscous dissipation of zonal kinetic energy and, to a lesser extent, the export of kinetic energy to the upper stratosphere. Radiative effects are of secondary importance to the energetics and, as observed by Oort (1964) , are a source of eddy available and a sink of zonal available energy. The diabatic generation of eddy available energy arises because of a positive correlation between temperature and ozone at 100 mb (photochemistry is unimportant at this level) and the resulting solar heating (cooling) of warm (cold) areas. The reversed latitudinal temperature gradient leads to a radiative dissipation of zonal available energy. As observed by Reed et al. (1963) and Oort (1964) , the winter lower stratosphere does not have an internal source of kinetic energy and, as in the upper stratosphere, the strong eddy-viscous dissipation of zonal kinetic energy, 71.3 ergs cm-2 sec-l, is countered by an upward flux of kinetic energy from the troposphere and the barotropic conversion of eddy to zonal kinetic energy. This conversion is carried out by wave numbers 3 and 6, whereas in the upper stratosphere, wave numbers 1 and 2 were accomplishing the transformation.
Not withstanding the fact that the lower stratosphere is more massive than the upper stratosphere, the mean energy cycle of the entire stratosphere in figure 14 has many features of the upper stratospheric cycle. Since regular balloon observations rarely get above 10 mb, observed stratospheric energy cycles usually include the lower stratosphere only.
Intense radiative dissipation of eddy available energy a t 25 mb as well as at 5 mb has overcome the slight generation a t 100 mb to give a net depletion in figure 14 . Similarly, there is a net radiative generation of zonal available energy for the entire stratosphere. Whereas the msridional circulation at 5 and 100 mb is indirect, a strong direct circulation at 25 mb gives a net creation of zonal kinetic a t the expense of zonal available energy. Nonlinear interactions between the various wave components serve to transfer kinetic energy from wave numbers 2 and 3, which are being strongly driven from below, up the scale to drive wave number 1. As for the lower stratosphere alone, wave numbers 3 and 6 are being forced by the troposphere to advect momentum against the gradient to help maintain the stratospheric jet against eddy-viscous dissipation. Significant conclusions to be drawn from this study of the mean stratospheric energy cycle are:
1) The joint radiative-photochemical dissipation of upper stratospheric temperature disturbances strongly inhibits the baroclinic development of kinetic energy and results in the region being driven by the lower stratosphere.
2) The entire winter stratosphere is mainly driven by the troposphere.
3) The zonal kinetic energy of the winter stratosphere is maintained against eddy-viscous dissipation by an upward flux of zonal kinetic energy and by the forced barotropic conversion of eddy energy, mainly by wave numbers 3 and 6.
4 ) Nonlinear interactions with wave numbers 2 and 3 are the main source of kinetic energy for wave number 1.
STRATOSPHERIC WARMINGS
Spontaneous high-latitude warmings-After the 120th day of the experiment, occasional spontaneous minor warnings occurred near the Pole, They usually originated at the highest level ( 5 mb) and propagated downward MONTHLY WEATHER REVIEW vol. 98, No. 4 454 reaching 100 and 200 mb from 4 to 7 days later. Figure   15 illustrates, in terms of isolines of the departure of the polar temperature from equilibrium, one that began on day 143. The temperature wave attained its highest amplitude, 12"K, at 25 mb. Hardly any response was noted at 200 mb, and the troposphere was largely unaffected.
Other manifestations of the warming were:
1) A temporary increase in total ozone at the Pole from 0.371 to 0.416 cm S.T.P. This effect was discussed in' connection with the mean ozone budget.
2) A temporary weakening of the jet maximum at 5 mb from 84 m sec-I to 75 m sec-'.
3) A temporary strengthening of the weak easterly flow near the Pole in the lower stratosphere.
During the period of rapid temperature rises associated with this warming, the two-cell mean meridional circule tion in the stratosphere reversed to give subsidence in the equatorial and polar regions. Mahlman (1969) noted that an area of subsidence temporarily appeared near the Pole in the lower stratosphere during a minor warming in 1958. The polar warming at 5 mb was the result of an excess of adiabatic compressional heating due to subsidence (12' per day) over cooling due to the eddy advection of heat away from the Pole (10' per day). Figure 16 decomposes the heating at 5 mb at the peak of this warming.
The subsequent decline of polar temperatures was associated with a reversion back to the normal meridional circulation and related adiabatic cooling due to the rising air at the Pole. Again, eddy advections of heat partially compensated for the adiabatic cooling. As can be seen in figure 16 , radiative heating played a minor role in the warming. Primarily the same mechanism caused the warming at 25 mb; whereas at 100 mb, the slight temperature wave at the Pole resulted from the eddy advection of heat from midlatitudes.
This conclusion about the nature of the rapid tempers ture rises near the Pole agrees, in part, with the finding of Craig (1965) . He suggested that areas of rapid temperature rises at 25 mb connected with the 1957 warming could plausibly be associated with adiabatic compressional heating, A better understanding of the warming is to be gained by examining the energy cycles. Prior to each spontaneous warming, a notable feature was the large increase in upward flux of eddy kinetic energy across 200 mb. This was particularly noticeable in wave numbers 2 and 3 that alternately underwent order of magnitude increases. The energy cycle of the upper stratosphere on day 143, when the most rapid temperature rises were noted at the Pole, appears in figure 17 . The boxes now show the rate of change of energy in each component. Note the sizeable upward flux across 25 mb of kinetic energy in wave number 3 compared to the small downward flux in the mean cycle of figure 12 . Somehow, the increased forcing has promoted a strong nonlinear interaction between wave numbers 1, 2, and 3 that is transferring a large amount of kinetic energy, 92.9 ergs cm-* sec-', to wave number 1 while depleting the energy in waves 2 and 3 regardless of the increased forcing of these waves. Part of this flood of energy into wave number 1 is being exported to the lower stratosphere, more than compensating for the upward fluxes in the other components. The upper stratosphere has temporarily become a source of kinetic energy.
A large portion of the energy gained in wave number 1, 41.8 ergs cm-2 sec-I, is being transferred to eddy available energy, and part of this is driving wave number 1 4" advect heat away from the Pole to give a net creation of zonal available energy a t the rate of 3.8 ergs cm-2 sec-I. At the same time, the upper stratospheric zonal kinetic energy is being transformed barotropically into eddy kinetic energy, and a direct meridional circulation is driven that more than compensates for the eddy cooling near the Pole to give a net heating. The reaction of the lower stratosphere to the increased tropospheric forcing, although similar in some respects to that of the upper stratosphere, was delayed by a few days. It seems that the response of the lower stratosphere was dependent upon the existence of a downward flux of energy across 25 mb. A similar, rapid nonlinear growth of wave number 1 took place, but the response of the mean meridional circulation to the increased eddy momentum and heat fluxes was not as strong.
I n summary, the following conclusions can be drawn concerning the nature of the spontaneous warmings : 1) They were not entirely local in origin and were related to increased forcing of the stratosphere by the troposphere.
2) They propagated downward with a phase speed of about 3 km per day.
3) Rapid nonlinear exchanges of kinetic energy between the planetary scale waves were vital to the development of a warming.
4) The rapid temperature rises near the Pole were associated with adiabatic compressional heating in the mean meridional circulation. 
A FULL-SCALE STRATOSPHERIC WARMING
At no time did a spontaneous high-latitude warming develop into a full-scale stratospheric warming so that, for instance, the latitudinal temperature gradient reversed and the polar vortex was replaced by an easterly regime. Following the suggestion by Charney and Stern (1962) that the stability of an internal jet was strongly influenced by the temperature gradient near the ground, polar equilibrium conditions were altered on day 180 to simulate a cooling by 20°K through a deep layer extending from the ground to 500 mb. The zonally averaged stream function field was then adjusted to maintain the geostrophic balance between the wind and thermal fields at all levels. The result was an increase in the maximum jet speed at 2.5 mb by 30 m sec-' and a strengthening of the noith-south wind shear a t all latitudes. The experiment was then run for an additional 50 days to day 230.
After day 200, rapid temperature rises of 10" t o 20"E occurred in the lower stratosphere near the Pole, with highest temperatures attained on day 209; see figure 18: This warming rapidly intensified as it spread upward to the upper stratosphere and precipitated polar warmings of 40" and 60°K at 25 and 5 mb, respectively. Maximum temperatures at 5 mb were attained on day 219 about 10 days later than at 200 mb. The most rapid heating occurred at 5 mb at a rate of about 50°K in 5 days, in agreement with observed peak heating rates during actual sudden warmings, London and Prabhakara (1 964). The latitudinal temperature gradient at 25 mb was completely but only temporarily reversed, while at 5 mb it changed sign north of 50" latitude only.
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MONTHLY WEATHER REVIEW Vol. 98, No. 6 FIGURE 19.-Maps of (A) stream function 2.5 mb, day 220, with contour interval 5X 1OI1 cm2 sec-I; (B) temperature 5 mb, day 220, inOK; (C) vertical velocity 5 mb, day 220, in mb sec-1; and (D) total ozone, day 220, in cm S.T.P.
The synoptic situation on day 220 is summarized in figure. 19. Prior to the warming, the stratospheric flow pattern consisted of strong westerlies encircling an eccentric polar vortex. As the wamning proceeded from day 210 to 220, the vortex elongated into a principally wavenumber-2 pattern and split into two centers over Asia and North America ( fig. 19A ). At the same time, the warm Alaskan ridge extended northward to the Pole, isolating cold pools over Asia and North America and leaving a warm pocket near the Pole in figure 19B . Pronounced cells of rising motion associated with the cold Lows over Asia and North America dominate the vertical motion pattern at 5 mb on day 220 in figure 19C . Vertical motions in the lower stratosphere mere out of phase with those in the upper stratosphere, giving strong subsidence in each Low.
The warming resulted in an augmented accumulation of ozone near the Pole a t all levels, mainly as a result of increased horizontal eddy advection from midlatitudes.
The polar amount attained its maximum value of 0.47 cm S.T.P. on day 209. The hemispheric distribution of total ozone in figure 19D shows an area near 50" latitude with amounts greater than 0.45 cm S.T.P. associated with the nearby cold stratospheric Low over North America. Widespread lower stratospheric subsidence over this region is advecting ozone-rich air from the higher levels and, at the same time, producing relatively high lower stratospheric temperatures through compressional heating. I n the 1958 warming, London and Prabhakara (1964) noted a similar relation between high ozone amounts and high 25-mb temperatures and attributed the correlation to large-scale vertical motions. Note, however, that a cool pool overlies this region in the upper stratosphere in figure 19B .
The stratospheric jet was weakened considerably by the warming and temporarily shifted southward. It did not, however, break down completely to be replaced by a summer easterly regime and regained some of its original The typical two-cell mean meridional circulation persisted through most of the warming except during the period of maximum temperature rises when it reversed to give strong subsidence at the Pole in the same manner as in the spontaneous high-latitude warmings.
Although this simulated warming propagated upward, actual sudden warmings have been observed to spread both upward and downward. Craig and Lateef (1962) established that the temperature rises associated with the 1957 warming originated at the highest observed levels, whereas Hirota (1967b) found that the 1963 warming propagated upward. It is tempting to attribute the opposite course of these warmings to different driving mechanisms; however, their directions are more likely a reflection of the stability of the upper and lower stratosphere prior to the onset of the warming.
Unlike most observed major warmings in which the rapid temperature rises originate between 50' and 60" latitude and slowly engulf the Pole a week or so later (Finger and Teweles 1964) , this warming occurred very close to the Pole. Only strong cooling was noted at midlatitudes in association with the splitting off of the two vortices.
The zonally averaged heating rate at 100 and 5 mb during the period of most rapid temperature rises at each level, is decomposed in figure 20 . The warming at 100 mb is being accomplished by a rapid influx of heat from midlatitudes by the horizontal eddies in the same manner as with spontaneous warming. At first, since the Pole is relatively cold at 100 mb, the eddies are destroying A,, but they continue advecting northward after the latitudinal temperature gradient has reversed and thus create A,. Table 5 lists the major components of the lower and upper stratosphere energy cycles during the warming and shows that the conversion {A,.A,} changed sign from day 201 to 207. Strong subsidence heating a t the 5-mb Pole combined with equally intense northward horizontal eddy advection of heat together give a peak net heating of 19.5' per day on day 211 in figure 20. This is a major departure from the behavior of the spontaneous highlatitude warmings when the eddies exported heat away from the polar cap almost as fast as adiabatic compressional heating could create it. Now in table 5, the eddies on day 211 as well as the meridional circulation are destroying A, in the upper stratosphere. One purpose of this presentation is to attempt an explanation of this departure from the usual behavior and thus account for the exceptional intensity of the warming. As table 5 shows, the energy cycles of the lower and upper stratospheres are quite variable throughout the whole warming period. The cycles before and after the warming do not have any overall distinguishing features. Lower boundary effects, especially at 200 mb, are about two to three orders of magnitude larger than in the average winter cycle; and throughout the warming period, the cycles of both regions responded quite closely to fluctuations in the forcing from below. The increased tropospheric latitudinal temperature gradient has favored the rapid baroclinic development of tropospheric eddy kinetic energy, part of which is occasionally leaking up into the stratosphere.
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The energy cycle of the lower stratosphere on day 207, a t the peak of the warming in this region, appears in figure 21. On this day, the upward flux of eddy kinetic energy across 200 mb reached the maximum of the entire warming period. This flux is greatest in wave number 3 and is forcing a strong indirect east-west overturning in this wave, which is creating eddy available energy at the rate of 134.3 ergs cmb2 sec-'. Infrared cooling is not dissipating the additional available energy in wave number 3 rapidly enough to prevent the eddies from being compelled to advect heat into the lower stratospheric polar region and create A, at the rate of 204.1 ergs cm-2 sec-I. The increased upward flux of KE across 200 mb is also forcing a strong barotropic creation of Kz by the eddies. However, a large flux of Kz down into the troposphere more than compensates for the additional K,, and a direct mean meridional circulation is forced that partially compensates for the additional eddy heating at the Pole. Thus, the warming in its initial stage in the lower stratosphere is forced by the troposphere. fig. 22) , the barotropic sink of Kz is being balanced by a forced direct meridional circulation that by heating the Pole 13' per day is transforming A, into Kz at the rate of 74.9 ergs cmF2 sec-' in the opposite sense of the normal circulation. At the same time, the upper stratosphere is baroclinically destroying A,, that is, {AZ.AE}=42.4 ergs cm+ sec-l, and the eddies are also heating the Pole 8.8' per day ( fig. 20) . The barotropic destruction of the polar-night jet continued at an increased rate for the next 10 days; however, the sense of the mean meridional circulation reversed to give adiabatic cooling at the Pole, offsetting the continued eddy heating. Thus, the exceptional intensity of the upper stratospheric warming can be attributed in part to the polar-night jet suddenly becoming bar0 tropically unstable. A buildup of the intensity of the jet due to the leakage of kinetic energy from the lower stratosphere probably caused the lateral wind shear to become supercritical in some sense and the warming proceeded by internal conversions of energy.
The following conclusions follow from this simulated stratospheric warming: 1) At least in its initial stage in the lower stratosphere, the warming is mainly driven from the troposphere.
2) An outbreak of barotropic instability, in the sense that { KE*Kzf became negative in the upper stratosphere, spread the warming upward and rapidly intensified it.
3) Under the proper conditions, the increasing tropospheric latitudinal temperature gradient with the progress of winter can stimulate high-latitude warmings.
4) The very rapid upper stratospheric polar temperature rise is caused by adiabatic compressional heating and the eddy advection of heat from midlatitudes.
Hirota (1 967a) investigated the barotropic stability of the polar vortex as it is deformed and elongated under the influence of tropospheric forcing. H e found that it became more unstable with increasing deformation and found a tendency for a breakdown of the vortex in the case of deformation in wave number 2. The rapid development of the stratospheric flow into a basically wave-number-2 pattern and the sudden onset of barotropic instability in the upper stratosphere suggests that the same mechanism may be responsible, in part, for this warming.
Working with a highly truncated spectrum consisting of a zonal flow and one wave component, Baer (1968) found that the nonlinear exchange of energy between the zonal flow and the eddy takes place with a definite period. Although these phenomena are not entirely independent, the timing of the warming could be related to a beat effect due to the superposition of the undulating upward flux of kinetic energy and the energy transformation 
CONCLUSIONS
There is little doubt that there are some important deficiencies of this simple quasi-geostrophic stratospheric model. Most noteworthy was its inability to produce the observed midlatitude lower stratospheric temperature maximum. This is undoubtedly associated with the poorly defined two-cell mean meridional stratospheric circulation and the weak midlatitude subsiding branch. Manabe and Hunt (1968) found that adiabatic compressional heating in this branch was associated with the temperature maximum. A related problem was the inability of the model to maintain the observed three-cell tropospheric meridional circulation over a long period.
Notwithstanding its shortcomings, the model has been successful in some respects. Starting from the unnatural state of radiative-photochemical equilibrium, a quasiequilibrium ozone distribution was produced in about 120 days that agreed fairly well with observations. The simple Chapman photochemical theory has been shown to be of practical use, a t least for some purposes. The northward transport of ozone from its equatorial source region was accomplished almost exclusively by the planetary scale eddies. The weakness of the meridional ciIculation and the constraint of considering geostrophic horizontal advection and a constant ozone lapse rate at each level preclude discounting the role of the meridional circulation in the ozone budget.
Rapid radiative-photochemical relaxation of temperature disturbances in the upper stratosphere necessitated upward fluxes of kinetic energy from below to maintain the energy of this region. It is thus important to allow for this relaxation in any model of the upper stratosphere either by treating ozone as an independent variable that freely absorbs solar radiation or by enhancing the infrared Newtonian cooling as done, for instance, by Leovy (1964) .
The stratospheric polar vortex was found to be strongly influenced through the interaction of the stratosphere with the troposphere. It was maintained against frictional dissipation by forced eddy momentum fluxes and through upward fluxes of kinetic energy across the tropopause by the meridional circulation.
Nonlinear exchanges of kinetic energy proved to be a vital link in the energetics of the Stratosphere, allowing energy to be rapidly transferred from the source region to the sink. Part of the strong upward flux of kinetic energy in wave number 2 across 200 mb was transferred to wave number 1 in the lower stratosphere and then exported to the upper stratosphere to counter the diabatic energy sink. Perry (1967) found nonlinear exchanges to be accomplishing the same purpose in the 1963 warming.
The mere "simulation of a phenomenon does not necessarily imply understanding" (Manabe and Hunt 1968) . This is particularly true of the high-latitude warmings in this model. Undoubtedly they were stimulated by augmented forcing from below. The downward-propagating spontaneous warming was associated with an unstable nonlinear reaction of the upper stratosphere to the increased tropospheric forcing. A rapid transfer of kinetic energy up the scale to wave number 1 and the onset of barotropic instability, in the sense that the eddies began transforming zonal to eddy kinetic energy, forced a direct meridional circulation that temporarily heated the Pole through adiabatic compression.
The artificially strengthened tropospheric temperature gradient led to an accelerated baroclinic production of tropospheric kinetic energy prior to the full-scale warming. Increased forcing of the stratosphere across the tropopause drove its initial stage. The sudden onset of barotropic instability in the upper stratosphere rapidly intensified the warming as it spread upward. At the same time, the upper stratosphere became baroclinically unstable, in the sense that zonal available energy was transformed to eddy kinetic energy, and the polar-night jet temporarily weakened in the manner envisaged by Charney and Stern (1962) . Nonlinear energy exchanges did not play a vital role in the full-scale warming as they did in the spontaneous warming. 
